Repressor Activator Protein 1 (RAP1) of Saccharomyces cerevlslae Is an abundant nuclear protein Implicated In telomere length maintenance, transactivatlon, and In the establishment of silent chromatln domains. The RAP1 binding site 5' of the yeast HIS4 gene Is also a region of hyperrecombinatlon In melosls. We report here that as RAP1 binds Its recognition consensus, it appears to untwist double-stranded DNA, which we detect as the Introduction of a negative supercoil in clrcularizatlon assays. Coincident with the RAP1 -dependent untwisting, we observe stimulation of the association of a single-stranded yeast telomeric sequence with its homologous double-stranded sequence In a supercolled plasmld. This unusual distortion of the DNA double helix by RAP1 may contribute to the RAP1-dependent enhancement of recombination rates and promote non-duplex strand Interactions at telomeres.
INTRODUCTION
Telomeric DNA is a repeat of simple sequences that often fits the general consensus of T (1 _ 3) G ( i_4 ) , oriented 5' to 3' towards the end of the chromosome (for a review, see 1). The sequence of these repeats varies among species; and can be either of fixed size, such as the TTAGGG motif found in vertebrates, Neurospora, Trypanosoma and Physarum, or irregular, such as the (TGi_3) n of the yeast S.cerevisiae. The same repeat is found as a single-stranded 3' overhang of variable length at the end of each telomere. In addition, yeast telomeric repeats are occasionally found inserted between X and Y' subtelomeric elements (2) , and in a number of species telomeric sequences are found at interstitial sites scattered throughout the chromosome (3) . Some of these internal sites appear to represent relics of ancestral fusion events between two chromosomes (4) .
The role for telomeric DNA at internal sites in chromosome structure or maintenance is unknown, although recent publications indicate that internal telomeric sites are hot-spots for meiotic recombination in yeast (5) and mammals (6) , and for illegitimate recombination in Paramecium (7) . In several species, meiotic chiasmata have been localized at or near telomeres (8) and it has recently been reported that a telomere in mouse is a hot-spot for meiotic recombination (9) . In both yeast and mammalian cells telomeric DNA targetted to internal locations leads to chromosome fragmentation (10) (11) (12) (13) , while the same sequences positioned at the ends of the chromosome, provide genetic stability to the linear molecule and aid in its complete replication (reviewed in 1).
In yeast, two other unusual recombination events have been observed either at the ends of linear plasmids tagged with foreign telomeric sequences or at true yeast telomeres. The first is a nonreciprocal exchange of unusual telomeric repeats between the ends of linear plasmids (14, 15) . The second is the &4Z>52-dependent amplification of Y' subtelomeric repeats in the spontaneous survivors of the yeast estl mutation, which normally causes a gradual loss of telomeric repeats and leads to cell death (16) . The net result of an apparently asymmetric recombination event is to create long arrays of Y' elements, and/or partial Y's with internal TG)_3 tracts, at the ends of all yeast chromosomes, thus restoring cell viability. These observations suggest that telomeric repeats have unusual recombinogenic properties among themselves, perhaps not only when located at the very end of the chromosome.
One likely explanation for the recombinogenic properties of telomeric DNA is that its sequence composition renders the region prone to initiate different types of genetic exchanges, due to its unusual susceptibility to form non-duplex structures (17, 18) . When present on a negatively supercoiled plasmid, telomeric DNA from Tetrahymena (T 2 G 4 ) is highly sensitive to nuclease SI (19) and hybridizes at low pH with an oligonucleotide corresponding to the C-strand, coincident with a measurable conformational change (20) . In addition, telomeric repeats are an excellent template for strand displacement by the large fragment of E.coli Polymerase I (Klenow enzyme), and a *To whom correspondence should be addressed Present addresses:
+ Ecole Normale Supfrieure de Lyon, 46 Alice d'ltalie, F-69364 Lyon, France and 'institut fiir ZeUbiologie. ETH-H6nggerberg, CH-8093 Zflrich, Switzerland telomeric oligonucleotide is able to prime DNA synthesis, even on linear duplex DNA (21) . In vivo, such kinds of interactions could promote strand-exchange between two stretches of telomeric DNA, similar to the formation of three-stranded joint molecules by the bacterial recombinase RecA (reviewed in 23). It has been noted, however, that the (TG 1 _ 3 ) n repeat of budding yeast is more refractory to forming these unusual DNA structures than the regular telomeric repeats of Tetrahymena (22) .
The unusual structures and recombinogenic behaviour of telomeric sequences may also be influenced by the factors that recognize them. Indeed, several lines of evidence point to a role for the major yeast telomere binding protein, RAP1, in recombination. First, the binding of RAP1 at an internal site located upstream from the HIS4 gene, results in a high frequency of meiotic recombination (both gene conversion and crossing over; 5, 24, 25) . Secondly, RAP1 distorts the telomeric double helix upon binding, provoking local conformational changes characteristic of single-stranded or nonWatson-Crick base-paired DNA (enhanced permanganate and dimethyl sulfate reactivities, 26) . In this paper, we investigate the distortion of the DNA substrate provoked through RAP1 binding, by analysing the promotion of intermolecular DNA-DNA pairing between singleand double-stranded sequences. We show that RAP1 has the ability to increase the rate of oligonucleotide association with yeast telomeric duplex DNA in the presence of supercoiled, telomere repeat-containing plasmids. We propose that this increase is due to the ability of RAP1 to untwist DNA at its recognition sequence, which we confirm by circularization experiments and the analysis of the topology of complexes formed between circular plasmids and RAP1. These data suggest that RAP1 could facilitate telomere repeat-dependent recombination by promoting DNA pairing with an invading single strand.
MATERIALS AND METHODS

Plasmids and probes
The DNA probes used in the single-to double-strand association experiments were obtained by random priming by the large fragment of the DNA polymerase I (Klenow polymerase) and subsequent denaturation, or by labelling a single-stranded oligonucleotide by polynucleotide kinase and -y^P ATP. For the yeast telomeric probe the template for random priming was a 270 nt fragment containing the yeast telomeric sequence of pYLPV (a gift of V. Zakian), labelled either with a^P dATP for the C-strand or with a 32 ? dTTP for the G-strand. Plasmid pTel270 contains the same 270 bp telomeric sequence cloned into pUC18 between Mndffl and Sac\ sites (a gift of D.Rhodes). The human telomeric probes were from a 250 nt Pstl fragment containing the human telomeric sequence of pHuR93 (27) , and the pUC probe from a 322 nt PvuII fragment of pUC19, both labelled with a* 2 ? dATP. Plasmids pTel80 is identical to pYT-CA-lx (26) . pHuTel contains ten TTAGGG repeats inserted between the Sail and HindHl site of the pGEM-3Z vector. pTel44 contains three overlapping telomeric RAP1 sites (5'-AATCA-CACCCACA CCCACACACCCACACACCCACACACCC-ACACCCA) inserted into the Smal site of the pGEM-3Z vector. This same sequence with two additional nucleotides (in both double-stranded and single-stranded forms) is used in gel retardation assays, called ds48, G48, or C48 for double-stranded, G-rich and C-rich strands, respectively.
For bandshift experiments, either an EcoRI-HindIR DNA fragment of pTell6 containing a single RAP1 binding site (26) , or the indicated oligonucleotides were end-labelled. Additional oligonucleotides used were: SG-36, a 16 nt G-strand yeast telomeric DNA (5'-TGGGTGTGTGGGTGTG); Bl 1 (a gift from J.Pulitzer) corresponding to 60 nt of C-strand human telomeric repeat DNA (5'-CCCTAACCCTAACCCTAACCCTAACCC-TAACCCTAACCCTAACCCTAACCCTAACCCTAA); and SG-23, which is non-telomeric sequence (5'-CAGAT-CTGCGGCCGC AAGCTT ATTCTAGAATTG ATC AAGCT). For the circularization assays a 1.4 kb BsplU fragment from pTell6, and a 0.4 kb £coRl fragment from the circular permutation vector pCY7-telol site (28, 29) , were labelled at the 5' ends by T4 polynucleotide kinase and -y^P ATP.
For DNA length measurements of RAP 1-DNA complexes by transmission electron microscopy (TEM), a 408 nt PvuU fragment was purified from pTell6, and a 1.2kb BamHI fragment was isolated from pYLVP containing 270bp of telomeric repeat. For the TEM analysis of RAPl-minicircle complexes, a 1.4 kb BsplU fragment was purified from pTel80, circularized by T4 DNA ligase at low DNA concentration (1 /xg/ml) and the monomeric circular DNA was purified by agarose electrophoresis. All plasmid DNAs were extracted by alkaline lysis of E.coli cells and purified on Qiagen columns.
RAP1 purification
RAP1 was expressed in E.coli cells and affinity purified as previously described (26) . The RAP1 AN construct was created by the deletion of amino acids 44 to 274 in the N-terminus of the yeast RAP1 gene cloned in pGEM-2, and was expressed from the T7 promoter in the strain DE3/BL21, which carries an IPTGinducible T7 polymerase. The RAP1 AC construct was derived from the full-length RAP1 construct in the pET3 vector, by partial cleavage at BglU sites and religation, which creates a frameshift at a. a. 698 and termination due to a stop codon at a.a. 700, eliminating the C-terminal 127 a.a. Both proteins were induced in the DE3/BL21 bacterial system by addition of 0.5mM IPTG to induce the T7 polymerase, and purification was as described (26) . In brief, the bacterial lysate was passed over heparin sepharose, then RAP 1-containing fractions were fractionated by affinity chromatography with a streptavidin agarose column carrying a biotinylated ds oligonucleotide (ds48), to obtain RAP1 at 90% purity (estimated by Coomassie Blue staining). A slightly shorter RAP1 AC truncation was isolated from yeast cells carrying the mutation rapl-17, which causes truncation of the RAP1 protein at a.a. 662. This was partially purified by passage over heparin agarose for circular permutation assays (28) . The affinity purified fractions (5 ng//d) were stored at -80°C in 5 % glycerol 50 mM HEPES-KOH, pH 7.6, 70 mM NaCl, 0.5% thiodiglycol, 1 mM EDTA, 0.2 mM PMSF.
Single-to double-strand association and gel retardation assays Binding buffer (Bl) contained 50 mM NaCl, 20 mM KC1, 15 mM Tris-Cl, pH 7.4, 0.05 mM spermine, 0.125 mM spermidine. The binding reaction (5 ng of random priming probe, corresponding to roughly 50000cpm, 0-50 ng of unlabelled plasmid DNA, and 0-30 ng of protein) was performed in 20 /tl of binding buffer at room temperature (rt) for 30 min. The protein was incubated 1 min with unlabelled plasmid before adding the probe. Reactions were stopped with 2 /il of 10% SDS and 1 ng of proteinase K. After 15 min at r.t., samples were loaded on a either a 5 % polyacrylamide gel or a horizontal 1 % agarose gel (30 cm long in 1 x TBE) and run at 4°C at 100 V for 5 h. Ethidium bromide stained gels were dried on Whatman DE81 paper and autoradiographed. The position of unlabelled plasmid DNA was visualized by UV exposure of the dried gel (not shown) and was indicated on the autoradiograph. Quantification of the radioactivity associated with plasmid DNA was estimated by densitometry on the preflashed autoradiogram. At least two independent experiments were performed for each condition and the standard error for the ratio plus to minus protein did not exceed 20%.
For gel retardation assays the labelled probe was added after a 15-min preincubation of RAP1 in 10 fi\ of Bl with 500 ng of poly[d(IC)]. After 20 min at r.t., 2 ^1 of 20% glycerol/ 0.1 % (w/v) bromophenol blue were added and the reaction analysed on a 1 % agarose gel (15 cm long in 45 mM Tris, 45 mM boric acid, lmM EDTA) at 4°C. (26) and were followed by two ethanol precipitations. The primer extension reactions were performed as described in Gralla (30) on the C-rich strand using the 17-mer sequencing (-20) primer (Biolabs) and on the G-rich strand using the 24-mer reverse sequencing (-48) primer (Biolabs). Electrophoresis was in denaturing 6% (w/v) polyacrylamide/urea gels.
Circularization experiments
The binding reaction (0.02-0.06 pmol of probe corresponding roughly to 7000 cpm and 0-0.2 pmol of protein) was performed in 20 /il of Bl at r.t. for 20 min and then diluted in 300 /tl of ligase buffer (66mM Tris-Cl, pH 7.5, 5 mM MgCl 2 , 1 mM DTT, 1 mM ATP) containing 3 units of T4 DNA ligase (Boehringer Mannheim). After additional incubation of 30 min at r.t., ligase and RAP1 were inactivated by 1% (v/v) SDS and phenol/chloroform extraction. After ethanol precipitation, the samples were analysed on 15 cm long vertical 2% agarose gels or 5% polyacrylamide gels, run 12 h in 1 x TBE at 50 V or 100 V, respectively. When 20 pmol ethidium bromide replaced RAP1, conditions were identical, but two isobutanol extractions preceded ethanol precipitation. The 30 min incubation in ligase buffer does not affect RAP1 -DNA binding, as monitored by band shift assay (not shown).
Electron microscopy RAP 1-DNA complexes were formed under standard binding conditions (buffer Bl, see above), but in the absence of competitor DNA. For transmission electron microscopy the samples were adhered to a mica surface and rotary shadowed with platinumcarbon as described in ref. 28 . Micrographs were taken on a Philips CM 12 electron microscope operated at 100 KV. Contour measurements were done on a Hewlett-Packard Digitizer.
RESULTS
Telomeric repeats allow association of single-stranded to double-stranded DNA Short single-stranded fragments containing the irregular yeast telomeric repeat (TG 1 _ 3 ) n are able to associate with their homologous double-stranded regions present in a supercoiled plasmid (Figure 1 ). To characterise this interaction, we have radiolabelled single-stranded probes by random priming either a 250 nt yeast telomeric DNA fragment, a 250 nt human telomeric DNA fragment ([TTAGGGU, or a 322 nt fragment of pUC19, in the presence of either a 32 P dATP or a 32 P dl IP, producing labelled sequences ranging in size from 15 to 150 nt. In the case of the yeast telomeric probes, this method labels exclusively one strand or the other. As a double stranded target DNA, we have used a variety of unlabelled supercoiled plasmids derived from pUC vectors, carrying inserts of yeast telomeric sequence of different lengths: 44 nt (pTel44), 80 nt (pTel80) and 270 nt (pTel27O), or an insert of human telomeric DNA (pHuTel).
After heat-denaturation of the radiolabeled fragments and incubation with the various circular plasmids, only pTel270 DNA exhibits significant association with the single-stranded yeast telomeric probe, as revealed by the presence of a discrete, radioactive band comigrating with the unlabelled plasmid DNA after agarose gel electrophoresis ( Further confirmation that the association requires sequence homology between the vector and the single-stranded probe is shown in Figure IB . Incubation of a single-stranded human telomeric probe (TTAGGG), which has very weak homology to the yeast insert in pTel270, produces a nearly undetectable band (less than 2 % of that observed with the analogous yeast probe; Fig. IB , lane 5, and 5' for a longer exposure). This residual association probably reflects a weak pairing between runs of guanosines in human and yeast telomeric sequences. A singlestranded probe identical to pUC vector sequences that flank the yeast telomeric insert shows a stronger hybridization than the nonhomologous sequence (Fig. IB, lanes 7 and 7'), but it is still < 10% of that obtained with the yeast telomeric probe. Thus the efficiency of association of DNA in a supercoiled plasmid with its homologous single-stranded DNA is at least an order of magnitude higher for a telomeric probe than for a non-telomeric DNA of similar size (compare in Fig. IB , lanes 1 or 3 with 7). The potential of yeast telomeric DNA to form single-to doublestrand associations was earlier inferred from the observation that single-stranded telomeric DNA is necessary to stabilize unusual DNA conformations in duplex circular yeast telomeric DNA (22) .
RAP1 stimulates the single-to double-strand association of (TG,_3) n
Since RAP1 is the major yeast protein binding duplex telomeric DNA (26, 31) , we have asked how RAP1 might influence the efficiency of the single-to double-strand association presented above. Affinity-purified RAP1 was incubated first with unlabelled, supercoiled plasmid DNA, prior to addition of the radiolabelled single-standed probe. After incubation, RAP1 was removed by a SDS/proteinase K treatment, and the reaction was analysed by gel electrophoresis alongside a similar experiment performed in the absence of RAP1. The intensity of the radioactive signal, representing the yeast telomeric single-stranded probe comigrating with the supercoiled plasmid DNA (see above), is increased in presence of RAP1 ( Quantitation of radioactivity associated with the plasmid revealed a 3-fold increase upon addition of 0.05 pmol of RAP1 (Table  I) , under these incubation conditions. The amount of single-strand probe associated with the plasmid increases with higher ratios of RAP1 to plasmid DNA ( Table 1 ), suggesting that RAP1 stimulates strand association by binding its target sites, yet it does not appear to anneal strands in a stoichiometric manner, like the E.coli RecA recombinase.
Control experiments show that this effect is dependent on intact RAP1, since digestion of RAP1 with proteinase K prior to reaction (Table 1) , or replacement with an equivalent amount of bovine serum albumin (Fig. 1A, lane 3) , has no effect on the efficiency of single-to double-strand association. Finally, even in presence of RAP1, we observe no detectable association of single-strand probe to linearized pTel270 ( nor to plasmid carrying the human telomeric repeat (Fig. 1A , lanes 9-13). Importantly, the presence of RAPl also increases the association of the pUC probe with the vector DNA flanking the RAPl binding sites (Fig. IB , lanes 7' and 8'), suggesting that RAPl induces a distortion in the supercoiled plasmid which can be propagated along the double helix to allow a weak but detectable association of a flanking unique sequence with homologous single-stranded DNA.
The interaction of single-stranded telomeric sequence requires a plasmid-borne (TG,_ 3 ) n repeat longer than 80bp (Fig. 1A,  compare lanes 4, 9 and 11 ). This may reflect an unusual topological state of the pTel270. Alternatively, the association may require, in addition to the binding site for RAPl, a stretch of TG,_ 3 DNA that is not itself occupied by RAPl. Footprinting analysis shows that the 270bp (TGi_ 3)n telomeric sequence has two regions >25bp that are not occupied by RAPl, when assayed in vitro with saturating concentrations of protein "Is the amount of yeast G-strand-specific radioactivity associated with 0.025 pmol of pTel270 in the presence of the indicated proteins, divided by the amount associated in the absence of protein. The proteins added were: BSA, bovine serum albumin (Sigma); RAPl + PK, full-length bacterially expressed RAPl treated with ljig proteinase K; RAPl, full-length bacterially expressed RAPl; AN, the N-terminally truncated RAPl; and AC, the C-terminally truncated form of RAPl (see Materials and Methods). At least two independent experiments were done for each condition and the standard error for die ratio (*), did not exceed 20% of the value indicated. (26) . In contrast, the 44bp and 80bp inserts of telomeric DNA (e.g. pTel44 and pTel80) have less than 15bp of (TG,_ 3)n sequence free of RAPl under saturating concentrations of ligand (26) .
Efficiency of the strand-association reaction
In the experiments shown in Figures 1A and B , <5% of the labelled probe is associated with the supercoiled pTel270 plasmid. By adding ten-times more pTel270 this percentage is enhanced nearly ten-fold (Fig. 1C, compare lanes 8 and 9) , and here represents >20% of the available probe. When RAPl is incubated widi either the non-denatured (ds) or the denatured (ss) probe, and the proteinase K treatment is omitted prior to running the gel, we observe a diffuse smear of RAPl -DNA complexes (Fig. 1C, lanes 4 and 12) . This pattern is clearly distinct from the bands observed in the presence of plasmid. To quantify the strand association, we have used a defined amount (0.04 pmol) of a 48nt single-strand probe containing the G-rich strand of the yeast telomeric repeat. The end-labelled oligonucleotide was incubated with 0.025 pmol of either linear (lin) or supercoiled (sc) pTel270, and was found to associate readily and exclusively with the supercoiled DNA (Fig. ID, lanes 2 and 3) . Under these conditions, over 39% (0.016 pmol) of the labelled probe is bound to the pTel270 in the presence of RAPl, and about 30% (0.012 pmol) associates in its absence (Fig. ID, lanes 3 and 4 , respectively). If we assume there is one ss molecule per targetted plasmid, roughly 50% of the supercoiled pTel270 molecules form complexes with the single strand probe.
The N-and C-termini of RAPl are not needed for promotion of single-to double-strand association Previous studies have characterized the two major kinds of distortion induced by the binding of RAPl to DNA, and include hyper-reactivity of KMnO 4 at the center of the binding site, and a strong bend located outside the core of the binding site (26, 28) . The regions of RAPl protein sufficient to provoke for these distortions have been mapped: the central 330 amino acids of the protein (from a.a. 361 to 597) is essential for specific DNA binding and, like the full-sized protein, creates KMnO 4 reactivity 1 -8) or linearized (lin, lanes 9-10) was incubated with different radiolabelled single-stranded probes as indicated: lanes 1 -2, C-nch yeast telomeric strand; lanes 3-4, the G-rich yeast telomeric strand; lanes 5-6, denatured (TTAGGG) n labelled on both strands; or lanes 7-8, the denatured probe representing bom strands of 322 nt from the pUC19 vector. RAPl (0.05 pmol) was included in incubation where indicated. All samples were SDS/proteinase K treated pnor to loading on die gel. Lanes 5'-8' are identical to 5-8, but the autoradiograph is exposed roughly 5 -fold longer. Panel C: An experiment similar to diat in panel A is here analysed on a polyacrylamide gel. The C-rich yeast telomeric probe was labelled by random priming, while the G-rich strand is synthesized but not labelled. In lanes 1 -4 the nondenatured probe was incubated with: lane 1) no additions; 2) 0.025 pmol pTel270; 3) 0.025 pmol pTeO70 and 4) 0.2 pmol RAPl alone. The pTel270 plasmid used in this experiment has a fraction of die molecule present as a dimer, whose migration is indicated as die larger circle at die right of the gel. within the binding consensus. This domain, however, is unable to induce the strong bend in DNA, which is enhanced by a truncated form of the protein lacking the C-terminal 165 a.a. (28) . In contrast, an N-terminally truncated form (called AN) bends DNA only slightly (28) . By using the purified AN RAP1 and a C-terminal truncation of RAP1 (AC, see Materials and Methods) we can assess whether the DNA bending or creation of the permanganate-reactive distortion is important for the the single-to double-strand DNA association. Binding experiments with the radiolabelled singlestrand yeast telomenc probe, supercoiled pTel270 DNA and increasing amounts of either AN or AC were performed (Fig. 1 A,  lanes 5-7; 14-16 ). Both truncated proteins increase the amount of single-stranded probe associated with pTel270, with the maximum being 6 fold in the presence of 0.3pmol of AN (Table  I) . Thus, neither the extreme N-terminus nor the extreme Cterminus is necessary for the facilitated strand association. In order to test whether our supercoiled plasmid DNA preparation alone contains unpaired regions in the telomeric insert, either before or after incubation with RAP1, we used potassium permangate as a chemical probe, since it reacts preferentially with pyrimidines in single-stranded DNA (26) . To map regions of permanganate modification, we use the extension of labelled primers that hybridize on either side of the telomeric insert of pTel270. The extension reaction terminates at sites of permanganate modification. Figure 2 shows that the KMnO 4 reactivity pattern is similar for the naked linearised plasmid DNA (lane 2) and the supercoiled plasmid DNA (lane 6) on both strands (Fig. 2A for the G-strand and 2B for the C-strand). Thus, we are unable to detect regions of unpaired bases in the telomeric insert of supercoiled pTel270, making it unlikely that the strandassociation reflects artefactual single-stranded regions resulting either from plasmid replication intermediates or strand displacement due to alkaline treatment during plasmid isolation.
The binding of RAP 1 to the circular, supercoiled DNA creates the same pattern of reactivity as that induced by RAP1 in the linear Tel270 DNA (Fig. 2B, compare lanes 3-4 with lanes  7-8) . This pattern of permangante reactivity visualized by primer extension, is identical to that revealed by alkali induced cleavage of permanagante modified, endlabelled Tel270 fragment (26) . Again this confirms that the topological changes induced by RAP1 do not reflect a large scale opening of the double helix.
RAP1 binding introduces negative supercoils upon DNA circularization
Does RAP1 induce a measurable topological change in the linking number of the substrate DNA? To assess this we have used a circularization assay, in which a radiolabelled DNA fragment with compatible sticky ends is incubated with DNA ligase in the presence or absence of RAPl. After deproteinization and analysis by gel electrophoresis, the appearance of supercoiled minicircles is an indication for a protein-induced change in either the twist or the writhe of the DNA (32, 33) . A 1.4 kb linear fragment containing a single telomeric RAPl binding site (form b, Fig. 3 ) was incubated with ligase, after which a significant fraction becomes a relaxed minicircle (form c, Fig. 3, lane 2) . If RAPl is present in saturating concentrations during the ligation reaction, a new product appears that migrates with a faster mobility in the agarose gel (form a, Fig. 3, lane  3) . Ligation of an identical fragment without a RAPl consensus produces only the more slowly migrating, relaxed ligation product, even in the presence of RAPl (Fig. 3, lanes 4 and 5) , indicating that the new ligation product results from RAPl binding to its recognition sequence. If the 1.4 kb fragment is incubated with ethidium bromide instead of RAPl (Fig. 3, lane  9) , the same faster migrating band appears. This strongly suggests that the form a constitutes a supercoiled topoisomer of the form c. To further evaluate the topological status of this new form, we have analysed the same ligation reactions on agarose gels containing chloroquine, which intercalates DNA and introduces positive supercoils. At low concentrations the drug thus appears to relax negatively supercoiled DNA, while relaxed DNA becomes positively supercoiled (34) . When run in presence of chloroquine, the form a (resulting from circularization performed in the presence of RAPl or of ethidium bromide) disappears, and form c becomes correspondingly stronger (Fig. 3, lanes 8,  10) . In the ligation performed in the absence of RAPl. chloroquine induces the appearance of the faster-migrating form a (Fig. 3, lane 7) . Thus, form a must be a supercoiled closed circle (either negative or positive), and form c a relaxed closed circle. Ligation of a linear fragment containing a RAPl binding site in the presence of RAPl produces a negatively supercoiled form of the minicircle, although not quantitatively. This may be due to the length of the ligation substrate which allows for flexibility at the molecules' ends.
To eliminate this flexibility we have used a 0.4 kb DNA fragment containing a single RAPl binding site at one extremity. Following incubation with ligase, a major circular product forms that barely enters the polyacrylamide gel (form D , Fig. 4, lane  1) , as well as a ladder of linear multimeric ligation products (migrating between monomer form A and form C). The linear ladder was not observed in Fig. 3 , and reflects an increase in intermolecular ligation due to the higher probe concentration in this experiment. Upon ligation in the presence of RAP 1, the multimeric forms remain unchanged while a new band appears (form C , Fig. 4, lane 3) . This band comigrates with the first topoisomer formed by ligation of the fragment in the presence of increasing amounts of ethidium bromide (Fig. 4, lanes 4-6) , and confirms that RAPl binding modifies the topology of minicircles, inducing a negative topoisomer corresponding to -1.
RAPl binding can induce supercoiling in telomere repeatcontaining minicircles
Electron microscopic analysis allows us to visualize the topological changes induced by RAPl binding, which we infer from the circularization experiments. We prepared relaxed minicircles from a 1.4 kb fragment, containing a 80 nt telomeric sequence with five RAPl sites (26) . These were incubated with RAPl and spread for microscopic analysis. Three classes of DNA molecules with no visibly bound RAPl, are observed. 93% of the DNA molecules appear as circles without DNA crossovers (Fig. 5, Class I) , and are likely to represent relaxed minicircles. Class II DNA corresponds to molecules containing a region of two interwound double-stranded helices in very close proximity (about 5% of the molecules). A small number of these are branched, forming a protrusion, or tail (Fig. 5, Class II) , most likely corresponding to supercoiled DNA. The superhelicity is not spread evenly along the DNA molecule, but is often found localized to a domain. This particularity was observed using several methods of sample preparation and is therefore not a technical artefact (data not shown), although it may be influenced by the presence of spermine/spermidine in the incubation buffer. It has been shown that magnesium, a counter-ion for the phosphate backbone like the polyamines, can change the shape of supercoiled DNA (35) . Finally, a third class (Class III) comprises aggregates of two and more circles together, which are found very rarely (0.5%).
Among molecules bound to RAPl we find a different distribution of circular forms (+ RAPl, Figure 5 ). After shadowing, the RAPl complexed with DNA is clearly visible as a 20 to 30 nm sphere, a size compatible with one, or possibly two, RAPl molecules bound to the 80bp telomeric insert. Most significantly, an increase from 5.1 to 12.3% in the supercoiled molecules (class II) is observed, and the localization of the interwound DNA appears to be random in relation to the RAPl complex. Furthermore, the length of the intertwined helices increases and in some cases corresponds to the entire minicircle, consistent with the proposal that the binding of RAPl can introduce topological stress in a circular DNA. The observation of supercoiled minicircles with no RAPl bound, probably reflects both the loss of RAPl during TEM sample preparation and a low percentage of supercoiled molecules in the substrate. Interestingly, the frequency of interactions between circles (class HI) increases over ten-fold upon addition of RAPl (from 0.5 to 5.6%), suggesting that RAPl binding may favour intermolecular association between plasmids, as well.
RAPl does not wrap ONA around itself to alter linking number
One means for a protein or protein complex to reduce linking number is to wrap the substrate double helix counterclockwise around itself. This is usually accompanied by a considerable shortening in the length of the target fragment, when viewed by electron microscopy (e.g. 36). To evaluate this, a 408 bp fragment of DNA containing six potential RAPl binding sites located within an 80bp region of telomeric sequence (see DNA fragment wim RAPl bound showed a total length of 395bp (± 21bp; n = 81). The RAPl complex peaks at position 139bp (± 23bp; n = 81), which corresponds correctly to the site of the telomeric insert. The length of DNA fragments without bound RAPl has been determined to be 406bp (± 19bp; n = 55). For panels E and F, the total length of uncomplexed fragments wasl20Obp (± 34 bp, n = 145). The total length of fragments that had multiple RAPl molecules bound was 1164 bp (± 39 bp, n = 155). The RAPl complexes peak at position 418 bp (± 122 bp, n = 348), which corresponds correctly to the site of the telomeric insert.
to rule out non-RAPl complexes. DNA fragments with RAPl bound showed an average length corresponding to 395bp (±21 bp; n = 81), with the RAPl complex peaking at position 139 bp (± 23 bp; n = 81), corresponding correctly to the site of the telomeric insert (Fig. 6Q . The length of DNA fragments with no RAPl bound was 406 bp (± 19 bp; n = 55; Fig. 6B ). Similar results were obtained using a 400bp fragment with a single RAPl binding site (28) , and on a 1.2kb fragment containing 14 RAPl binding sites (Fig. 6D -F) . In all cases, even with several associated RAPl molecules, the DNA fiber showed no significant shortening upon protein association, making it unlikely that DNA is wrapped around RAPl to introduce the negative supercoil detected in the circularization assay.
RAPl binds specifically, but with low affinity, to each strand of the yeast telomeric repeat Another means by which RAPl could modify DNA topology is by binding tightly to single-stranded regions that might occur transiently in supercoiled DNA. We have therefore investigated whether RAPl can bind single-stranded DNA in vitro, testing both the C-rich and the G-rich strands of the yeast telomeric sequences and other, non-yeast sequences. In a standard gel retardation assay with nonspecific ds competitor DNA, each strand of the yeast telomeric repeat was shifted independently in presence of purified RAPl (Fig. 7A, lanes 1 -6) . The complex formed between RAPl and the same probe double-stranded roughly co-migrates with the RAPl -ss oligonucleotide complex (Fig. 7A, lane 8) . The relative binding of RAPl to each probe under standard conditions (Fig. 7A) , as well as competition between the double stranded binding site and single-stranded DNA (Fig. 7B , lanes 2-4 and 5-9), reveal at least a 100-fold higher affinity for double-stranded telomeric repeat over the same sequence present as the G-rich strand, and a 1000-fold preference for the double stranded sites over the C-rich strand (data not shown). Single-stranded probes derived from either the human telomeric repeat (C3TA2) or a non-telomeric sequence (SG-23) did not bind RAPl (data not shown), nor could 100-fold excess of nonspecific ss DNA compete for the RAPl-G-strand complex. Thus, while the single-strand binding activity of RAPl shows specificity for yeast telomeric DNA, it is of significantly lower affinity than the RAPl ds binding activity (10~1 0 >Kj > 10"", reviewed in 43). To map the region of RAPl mediating the singlestrand binding activity, we tested the AN and AC forms of RAPl, and find that elimination of the N-terminus, but not the Cterminus, significantly reduces the affinity of RAPl for ss DNA probes, while it has little influence on binding to its ds target (Fig. 7C) .
The binding of RAPl, but not its DNA binding domain, to the single-stranded G-rich telomeric repeat of yeast has recently been reported, and was interpreted as an association of RAPl with parallel G-quartet structures (37) . The interaction we observe with the single stranded G48 or C48 may be interaction with the G4 structure (38) or an unusually paired C-strand structure, as reported for C-rich telomeric oligonucleotides at acid pH (39) (40) (41) . However, we also observe low affinity binding of RAPl to 16nt-long C-rich and G-rich oligonucleotides, suggesting that in our assay we measure interaction with single-stranded DNA, rather than with G-quartet structure. We occasionally observe formation of aberrantly migrating forms of the longer single-stranded probes, which could reflect intra-molecular bonds within or among oligonucleotides. Thus our data do not exclude an additional 'chaperone' activity for RAPl that stabilizes unusual structures in both C-and G-tract DNAs, as proposed in ref. 37 (see also 42).
DISCUSSION
RAPl (also known as TUF, GRF, TBP) is an abundant, sequence-specific DNA binding protein in yeast of multiple functions. Its consensus is found in a large number of promoters, three mating type gene silencer elements (HML-I, HML-E and HMR-E), and at the (TGi_3) n tracts at yeast telomeres. Genetic studies in yeast demonstrate that RAP 1 plays important roles in the maintenance of telomere length, in transactivation at many promoters, and in the establishment of transcriptionally inactive chromatin near telomeric repeats and at the silent mating type loci in yeast (43) . RAPl is also associated with a region of hyperrecombination near the HIS4 locus (5, 24) . Part of RAPl's diversity of function can be explained by different sets of proteinprotein interactions at promoters and at silencers. Other functions may in part be explained by its ability to distort DNA upon binding, creating both permanganate and DMS reactivity within the RAPl consensus and in flanking sequences (26) . RAPl also induces a strong bend in the double helix, although the physiological role for this bend remains obscure (28) .
We demonstrate here that single-strand yeast telomeric DNA can associate stably with double-stranded telomeric repeat in a supercoiled plasmid. Both duplex yeast telomeric DNA, containing 14 RAPl binding sites, and flanking sequences from the vector, can associate with their corresponding single-stranded DNA, although the efficiency of the association is much higher for the telomeric insert than for vector DNA. Moreover, the association of single to double stranded DNA for both sequences is reproducibly enhanced (up to six-fold) by the binding of RAPl or truncated forms of RAPl to its plasmid-borne consensus sites.
Several models can explain the preferential single-strand to double-strand association observed with telomeric DNA. First, reminiscent of AT-rich sequences that induce cruciform extrusion by promoting a large denatured 'bubble' (44), the telomeric duplex may have a propensity to large scale helix opening that permits base pairing of the oligonucleotide with its complementary strand. This possibility appears unlikely since no large unpaired region in either the C-or the G-strand can be detected by potassium permanganate probing on a supercoiled plasmid DNA containing yeast telomeric sequences (Fig. 2) . Secondly, a G4 DNA structure between the G-rich single-strand probe and the G strand of the duplex may form (45) . If this occurs, however, one must postulate that intra-and intermolecular C-rich strand pairing occurs at neutral pH as well (e.g. 39, 40) , since the association is observed using either the C-strand or the G-strand, with no extensively unpaired regions detectable in the supercoiled plasmid. Finally, by analogy to the joint molecular structures formed in early steps of recombination, we propose that the single-to double-strand association may be in the form of a three-stranded helical structure (23, 46, 47) . The triple helix formation promoted by RecA, however, occurs between linear fragments of ds DNA and circular ss DNA, and is dependent in a linear stoichiometry on the recombinase (48) . The interactions between telomeric sequences observed here appear stronger than those mediated in random DNA sequence by RecA, since they can be observed without added protein. Moreover, the enhanced level of interaction promoted by RAP1 is preserved after removing the protein (46) . Nonetheless, similar bonds may be formed in RecA-mediated triple-strand structures as in the telomeric single-to double-strand association, and in this case an underwound duplex DNA should stabilise this type of interaction. It would thus be informative to know if the RecA mediated triple helix is stabilised when formed in supercoiled DNA.
A triple-stranded association between the 3' overhang and the duplex region was recently demonstrated for Tetrahymena telomeric DNA (M.Frank-Kamenenskii, personal communication), suggesting that such structures may be important for telomeric function. Previous evidence for yeast telomeric single-to double-strand association was revealed by a structural or conformational change, detected by 2D-gel analysis, in yeast duplex telomeric DNA stabilized in presence of oligonucleotide corresponding to telomeric repeats (22) . We can rule out an unusual networking of die oligonucleotide alone creating the complex observed in our system, since no complex is observed in the absence of the homologous supercoiled plasmid.
While the molecular nature of the observed single-to doublestrand association is unclear, RAPl's ability to promote this interaction appears related to its ability to increase the superhelicity of circular plasmids upon binding (Fig. 3-5) . The following observations support this hypothesis, i) The single-to double-strand association is detected only when the duplex DNA is supercoiled, even in presence of RAP1. ii) The KMnO 4 reactivity induced by RAP1 reveals a modification of me base stacking that does not correlate with DNA bending, suggesting that the permanganate reactivity reflects instead a slight unwinding of the double helix (26) . iii) RAP1 also enhances homologous single-strand association to a plasmid region that does not contain RAP1 binding sites, suggesting that die effect of RAP1 binding can be propagated through the plasmid molecule. This is highly characteristic of topological alterations in a closed circular molecule. We have observed that telomeric C-strand sequences located 5' of the RAP1 recognition sites become hyper-reactive to DMS upon RAP1 binding (26) , which is consistent widi a conformational change in telomeric DNA induced by RAP1 outside its recognition consensus.
The topological effects of RAP1 binding could be explained by a modification of the twist and/or the writhe of the bound DNA. By electron microscopy we observe no major alteration of the length of the DNA molecule bound by RAP1, making it unlikely that DNA is wrapped in a left-handed coil around the protein (Fig. 6) . Although the bend in the DNA induced by RAP1 binding could also influence the topology of the plasmid, the AN form of RAP1, which does not bend DNA strongly (28) , promotes the single-to double-strand association very efficiendy ( Table 1) . Together these findings strongly suggest dial die primary increase in topological stress induced by RAP1 is due to a modification of twist rather than of writhe.
The induction of supercoiling by RAP1 binding does not appear to be quantitative, since relaxed circular DNA is present even in saturating amounts of RAP1. The presence of nicked molecules in our fragment preparation is unlikely to account for all of die relaxed circular DNA, leading us to speculate that supercoiling is not an obligatory consequence of RAP1 binding. Rather, it may result from a second event that behaves as a kinetic barrier. For instance, die initial binding of RAP1 may distort the double helix by untwisting at the core binding site, and then a subsequent conformational change may be induced diat spreads into surrounding sequences. Alternatively, one could propose that die binding of RAP1 to certain sites and not others widiin the telomeric repeat induces a topological alteration in die plasmid DNA. This is plausible, since die sequences flanking die consenses are not identical widiin die telomeric repeat, and die induction of DMS sensitivity occurs preferentially in certain contexts (26) . Context-dependent distortion may also help explain why pTel270, but not pTel80, allows single-stranded probe interaction.
Is me distortion of die helix reflected in die known cellular functions of RAP 1? At the multiple RAP1 binding at telomeres, RAP1 could induce localized tortional stress, promoting recombination or non-Watson-Crick base pairing widiin die telomeric repeat. At internal sites a distortion of die double helix might influence die binding of odier transactivating factors or die positioning of nucleosomes in promoter regions (as discussed in 49). In promoters like MATcQ., in which RAP1 does not appear to interact widi other transactivators, RAP1 may destabilize die DNA helix itself to facilitate polymerase entry. Similarly, RAP1 's influence on me firing of the HMR-E origin of replication in yeast (J. Rine, personal communication), could indicate diat RAP1 destablizes base pairing in die region near die ARS consensus and ORC binding site.
As discussed above, the formation of triplex DNA with an interaction of die single-stranded DNA in die major groove of duplex DNA, mediated by the RecA protein and eukaryotic recombinases, appears to play a key role in die first steps of homologous recombination (23) . Thus, die RAP 1-dependent stimulation of meiotic recombination near HIS4 and at yeast telomeric repeats placed at internal sites could reflect direct enhancement of strand invasion in telomeric repeat-stimulated recombination, after which die recombination machinery would enter to carry out die genetic exchange. Other explanations may be 1) diat a strong distortion of die double helix induced upon RAP1 binding opens chromatin structure and increases the accessibility to the recombination machinery (5, 24) ; or 2) that RAP1 binds to single-stranded DNA (37, this work) to stabilise the formation of an internal G4 DNA (37), thus promoting a subsequent SEP 1-dependent cleavage reaction (50) .
Recombination events are reported to occur between related but non-identical TG-rich repeats at the ends of linear plasmids in yeast (14, 15) and between telomeric repeats and nonidentical internal (TG) n tracts (51) . These may reflect similar events, promoted by the binding of RAP1 to the target DNA. Recently (TG) n tracts have been shown to form four-stranded structures that are recognized by HMG1 and HMG2 (52), which may also help explain the known recombinogenic properties of these TGrich repeats.
One of the few instances in which single-strand DNA is known to exist in vivo is at the single-strand 3' overhang of the telomeric G-rich repeat, which in yeast exceeds 30 nt in S-phase (53) . This tail may invade adjacent duplex telomeric structure with the aid of RAP1, which in addition to recombination, may promote telomeric clustering and their juxtaposition within the nucleus (54, 55) . Finally, it is likely that the non-covalent circularization of yeast linear plasmids that have telomeric repeats on each end (53) , is another manifestation of the single-to double-strand association reported here.
